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Abstract

Background: Besides its established impact on bone and mineral metabolism, it was

suggested that fibroblast growth factor 23 (FGF23) might play an important role in

the pathogenesis of type 2 diabetes. The impact of FGF23 on gestational diabetes

mellitus (GDM), however, is not well understood. iFGF23 ELISAs measure the intact

FGF23 molecule, whereas cFGF23 assays measure intact FGF23 as well as degra-

dation products of FGF23.

Objectives: The aim of this study is to compare the association of maternal and

foetal cFGF23 and iFGF23 with GDM in a German birth cohort.

Methods: cFGF23 and iFGF23 were analysed in 826 random mother/child pairs

from the Berlin Birth Cohort.

Results: Mothers who developed GDM had higher concentrations of iFGF‐23
compared to mothers who did not suffer from GDM (19.73 vs. 13.23 pg/mL,

p < 0.0001), but not higher concentrations of cFGF‐23. Multivariant regression

analyses showed that gestational diabetes is associated with iFGF23 independently

of confounding factors such as age, BMI, ethnic background, family history of dia-

betes, smoking during pregnancy, and recurrent pregnancy loss. This, however, was

only seen when using an iFGF23 ELISA measuring just the full length FGF23 and not

in addition FGF23 fragments. No differences in both iFGF23 and cFGF23 concen-

trations between the GDM and non‐GDM groups were detected in cord blood

samples of the offspring.

Conclusions: This study of a representative German birth cohort showed that

maternal but not foetal iFGF23 is independently associated with GDM.
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1 | INTRODUCTION

FGF‐23, a 32kDa protein composed of 227 amino acids, is secreted

by osteocytes and is an essential regulator of phosphate and

vitamin D homoeostasis. FGF‐23 stimulates the excretion of

phosphate by the kidneys. The role of FGF‐23 is to keep blood

phosphate levels constant despite varying dietary phosphate intake.

Increased blood levels of FGF‐23 lead to decreased blood phos-

phate levels, decreased production of 1,25(OH)2 vitamin D, and

osteomalacia. Decreased blood levels of FGF‐23 result in increased

blood phosphate levels (hyperphosphatemia), increased production

of 1,25(OH)2‐vitamin D, soft tissue calcification, excessive bone

formation (hyperostosis), and decreased life expectancy. FGF‐23
binds to the FGF receptor 1c and the co‐receptor Klotho. Activa-
tion of this receptor complex in the proximal tubule of the kid-

ney inhibits phosphate re‐absorption from the primary urine and

thus has a phosphoruric and hypophosphatemic effect. Specif-

ically, the activation of the receptor results in reduced expres-

sion of the sodium‐phosphate cotransporters NaPi‐IIa and NaPi‐
IIc.1–3

Besides its established impact on bone and mineral metabolism,

it was suggested that fibroblast growth factor 23 (FGF23) might

likewise play an important role in the pathogenesis of type 2 dia-

betes mellitus.4 This hypothesis was based on observational clinical

studies. These studies provided evidence that FGF23 is associated

with markers of obesity, metabolic syndrome, insulin levels, and

HOMA‐IR index. Moreover, a positive association between diabetes

and serum FGF23 levels was described.5–15 However, a recent study

published in PNAS provided evidence that insulin/IGF1‐dependent
PI3K/PKB/Akt/FOXO1 signalling is a potent suppressor of FGF23

production in vitro in mice and humans. The clinical part of this

study had the advantage that other factors potentially influencing

FGF23 were almost absent.16 The discrepancy with previous studies,

where insulin‐resistant individuals had higher FGF23 serum levels,

might be due to other coexisting pathophysiological factors such as

inflammation, preexisting chronic kidney disease or coronary heart

disease, obesity, high nutritional phosphate intake, and high leptin

levels. To minimise the potential effects of these main confounding

factors on serum FGF23 concentrations, we thus analysed women

with and without gestational diabetes coming from a random but

huge subgroup of the Berlin Birth Cohort study, a population where

most of these confounding factors were absent or played a minor

role.17–24

In addition, we used both currently existing types of FGF23

ELISA assays. On the one hand, a C‐terminal FDF23 ELISA assay that

recognises the full‐length FGF23 and its degradation products was

employed. On the other, an intact FGF23 ELISA assay that merely

detects full‐length FGF23. Both assays were used since there is ev-

idence from head‐to‐head comparisons of both ELISA types in clinical

studies that clinical associations may depend on the ELISA type

used.25–27

2 | METHODS

2.1 | Study population

The Institutional Review Board of the University Hospital of Charité

Berlin, Germany, approved the study. All clinical investigations were

conducted according to the principles expressed in the Declaration of

Helsinki. Data were collected from 2000 to 2008. This observational

study (Berlin Birth Cohort) included 826 random samples from

mothers delivering at the Charité Obstetrics Department and their

respective newborns. We analysed this random subset of the Berlin

Birth Cohort due to budget restrictions for this project. The Berlin

Birth Cohort was described in detail previously.17–24

After written consent was obtained, a structured medical history

was taken. The following data were extracted into our database: age,

ethnicity, body height, body weight at the begining of the pregnancy,

diabetes mellitus, hypertension during pregnancy, systolic and dia-

stolic blood pressure (BP) measurements recorded during pregnancy,

smoking during pregnancy, and mode of delivery. Biometric data of

the newborns were collected during the routine postnatal examina-

tion: birth weight, birth length, head circumference, and child sex;

gestational age at delivery was based on the last menstrual period

and anamnestically assessed during the first pregnancy examination.

Midwives collected maternal blood from the cubital vein in the de-

livery room. Foetal blood samples were collected from the umbilical

cord within 10 min after delivery. Blood was centrifuged at 2750 G

immediately after its withdrawal, and the obtained serum was stored

at −80°C until measurements were performed. Obtained serum

samples were used for metabolomic analyses and additionally to

measure glucose and insulin concentrations. GDM was screened for

and assessed according to the practice guidelines of the German

Diabetes Association (DDG) and the German Association for Gy-

naecology and Obstetrics (DGGG).28

2.2 | cFGF23, iFGF23 and sclerostin measurements

cFGF23 and iFGF23 were always measured in duplicate in maternal

and cord blood samples as recently described25 with a commercially

available cFGF23 specific ELISA (cat. no. BI‐20702, Biomedica,

Austria) and an iFGF23 specific ELISA (cat. no.BI‐20700, Biomedica,
Austria) according to the instructions of the manufacturer. The

average intra‐and inter‐assay coefficients of variation were ≤12% and

≤10% for the cFGF23 assay (described in detail on https://www.

bmgrp.com/wp‐content/uploads/2019/03/bi‐20702‐fgf23‐elisa‐vali-
dation‐data‐150306.pdf), and ≤8 and ≤6% for iFGF23 assay

(described in detail on https://www.bmgrp.com/wp‐content/uploads/
2022/05/BI‐20700‐FGF23‐Intact‐ELISA‐Validation‐Data‐RUO‐220
524.pdf). Sclerostin concentration was measured both in maternal

and cord blood samples using the commercial ELISA (BI‐20492,
Biomedica Medizinprodukte GmbH, Vienna, Austria), according to
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the manufacturer's instructions (https://www.bmgrp.com/wp‐con-
tent/uploads/2022/05/BI‐20492‐Sclerostin‐ELISA‐IFU‐220524.pdf).
All samples were measured in duplicate and all assays were subjected

to regular quality control.

2.3 | Statistical analysis

Descriptive statistics for continuous parameters are shown as me-

dians (interquartile ranges), and categorical data are shown as

numbers (%). Statistical differences between groups were analysed as

appropriate by Mann‐Whitney U, Kruskal‐Wallis, or Chi‐square test.
To assess the prognostic value of iFGF‐23 concentrations for the

presence of gestational diabetes mellitus (GDM), a recipient oper-

ating characteristic (ROC) curve was conducted. Spearman's rank

correlation analysis was performed to assess the correlation between

the presence of GDM and selected parameters. Binary logistic

regression analysis was then performed with GDM as the dependent

variable and other co‐factors affecting the presence of GDM as in-

dependent variables. Model 1 consisted of age, body mass index

(BMI), ethnic background, and iFGF‐23 concentrations. Model 2

consisted of age, BMI, ethnic background, diabetes in the family,

smoking during pregnancy, and iFGF‐23 concentrations. Model 3

consisted of age, BMI, ethnic background, diabetes in the family,

smoking during pregnancy, recurrent pregnancy loss (two or more

miscarriages), gestational age, and iFGF‐23 concentration. All sta-

tistical analyses were performed using SPSS 25.0 software (SPSS,

Chicago, IL, USA). The level of significance was set at p < 0.05.

2.4 | Data and resource availability

The datasets generated during and/or analysed during the current

study are available from the corresponding author on reasonable

request.

3 | RESULTS

3.1 | Participant characteristics

Table 1 presents descriptive statistics of mothers and their newborns

in detail and descriptive statistics of the cohort classified by the

presence or absence of GDM. The median age of the mothers was 31

(26, 35) years, and the median BMI before pregnancy was 22.5 (20.4,

26.0) kg/m2. 88.6% of all mothers were European, 5.3% were Asian,

1.2% were African, and 4.8% were of unknown ethnicity. The median

concentration of iFGF‐23 was 14.66 (8.38, 23.49) pg/mL. The inci-

dence of GDM was 7.7% (64/826). Mothers who developed GDM

were significantly older (34 vs. 30 years old, p < 0.0001), heavier

(68.0 vs. 64.0 kg, p = 0.003), and displayed an increased prevalence of

previous miscarriage (25.4% vs. 12.0%, p = 0.002). Regarding FGF23,

mothers who developed GDM had a significantly higher

concentration of iFGF‐23 compared to mothers who did not suffer

from GDM (19.73 vs. 13.23 pg/mL, p < 0.0001), but no higher cFGF‐
23 concentration (Figure 1). In addition, the ROC curve assessed the

prognostic value of iFGF‐23 concentration for the presence of GDM,

with an area under the curve of 0.66 (95% CI, 0.59–0.73, p < 0.0001),

and once again, no such significant prognostic value was found for

cFGF‐23 concentration. Sclerostin, as a key hormone being important
for the control of bone metabolism, was also measured. Its concen-

trations did not differ significantly between GDM and non‐GDM
(p = 0.72 in maternal blood and p = 0.07 in cord blood) (Table 1).

To further clarify associations between iFGF‐23 concentration and

other factors, including the presence of GDM, we grouped iFGF‐23
and cFGF‐23 into quintiles separately and performed comparisons

among these groups (Table 2, Supporting Information S1: Table S1).

Consistent with the above finding, the incidence of GDM increased

significantly with increasing iFGF‐23 concentration. At iFGF 23

concentrations not greater than 6.07 pg/mL, the incidence of GDM

was 3.3%, but as the concentration of iFGF 23 increased to over

24.72 pg/mL, this incidence escalated to 13.2%. In addition, iFGF‐23
concentrations were associated with hypertension during pregnancy,

age, BMI, and cFGF‐23 concentration.

3.2 | Association of iFGF‐23 concentrations with
clinical parameters

Spearman's correlation analyses between maternal iFGF‐23 concen-

trations and other clinical parameters are shown in Table 3 iFGF‐23
concentrations were significantly and positively correlated with

cFGF‐23 concentrations (Spearman's rho = 0.350, p < 0.0001), the

presence ofGDM (Spearman's rho= 0.146, p<0.0001), and negatively

correlated with BMI at the beginning of pregnancy (Spearman's

rho = −0.207, p < 0.0001). Furthermore, iFGF‐23 concentrations

showed a weak but still significant positive correlation with age

(Spearman's rho = 0.155, p < 0.0001), second‐trimester body weight
(Spearman's rho = 0.080, p = 0.036), hypertension during preg-

nancy (Spearman's rho = 0.112, p = 0.003), last measured DBP

(Spearman's rho = 0.101, p = 0.016), and history of miscarriage

(Spearman's rho = 0.091, p = 0.016).

After that, binary logistic regression analysis models were per-

formed to better characterise the relationship between iFGF‐23
concentrations and GDM. Three different models adjusted for

various confounders of GDM (age, BMI, ethnic background, diabetes

in the family, smoking during pregnancy, recurrent pregnancy losses,

and intrauterine delivery) showed that iFGF‐23 concentrations are

independently associated with the presence of GDM (Table 4);

however, this association was not found with cFGF‐23 nor sclerostin

concentrations (Supporting Information S1: Tables S2 and S3).

Then, we divided the cohort into two BMI groups according to the

WHO classification of weight status, underweight (BMI <18.5 kg/m2)

or not (BMI ≥18.5 kg/m2). Within these subgroups, we again per-

formed binary logistic regression analysis using the same three

models. iFGF‐23 is significantly associated with GDM in women
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having normal or elevated body weight at the beginning of pregnancy,

but not in underweight pregnant women (BMI <18.5 kg/m2) (Table 5).

Moreover, similar results were also seen in the BMI subgroups, which

are divided according to ROC analysis‐determined cut‐off values

(18.1 kg/m2). The association of iFGF‐23 concentration with the

development of GDM was just seen in women with BMI above the

ROC‐curve‐determined cut‐off (Supporting Information S1: Table S5).
Newborn cord blood FGF23 (both iFGF23 and cFGF23) were

similar in the GDM and non‐GDM groups (Supporting Informa-

tion S1: Figure S1).

TAB L E 1 Descriptive data of all mother/child pairs. Data are given as median and interquartile range (IQR) or number (%).

Characteristics All (N = 826) GDM (N = 64) Non‐GDM (N = 762) p value

Mother

Age (years) 31 (26, 35) 34 (30, 38) 30 (26, 35) <0.0001

BMI begin pregnancy (kg/m2) 22.5 (20.4, 26.0) 23.3 (20.6, 28.6) 22.5 (20.3, 25.9) 0.14

Ethnic background 0.523

Caucasian 732 57 (89.1%) 675 (88.6%)

Asian 44 3 (4.7%) 41 (5.4%)

Unclear 40 2 (3.1%) 38 (5.0%)

African 10 2 (3.1%) 8 (1.0%)

1st trimester body weight (kg) 64.4 (58.0, 72.5) 68.0 (60.5, 85.3) 64.0 (58.0, 71.1) 0.003

2nd trimester body weight (kg) 67.5 (60.8, 76.0) 71.8 (64.5, 90.8) 67.3 (60.7, 75.0) 0.001

3rd trimester body weight (kg) 75.0 (68.0, 84.2) 81.1 (71.0, 93.6) 74.7 (67.7, 83.2) 0.004

Smoking during pregnancy (yes/no) 89/586 10 (15.6%) 78 (12.8%) 0.529

Hypertension during pregnancy (yes/no) 70/749 8 (12.7%) 61 (8.1%) 0.208

1st trimester SBP (mmHg) 114 (105, 120) 118 (105, 123) 113 (105, 120) 0.545

2nd trimester SBP (mmHg) 113 (106, 121) 113 (107, 121) 113 (106, 122) 0.822

3rd trimester SBP (mmHg) 114 (108, 121) 115 (108, 121) 114 (108, 122) 0.748

Last measured SBP (mmHg) 130 (120, 138) 130 (120, 140) 130 (120, 137) 0.453

1st trimester DBP (mmHg) 70 (60, 75) 70 (65, 75) 70 (60, 75) 0.233

2nd trimester DBP (mmHg) 67.5 (62, 73) 69 (65, 75) 68 (62, 73) 0.123

3rd trimester DBP (mmHg) 70 (64, 75) 69 (65, 75) 70 (64, 75) 0.707

Last measured DBP (mmHg) 70 (65, 80) 70 (65, 80) 70 (65, 80 0.913

History of miscarriage (yes/no) 104/698 16 (25.4%) 88 (12.0%) 0.002

25OHD (nmol/L) 13.0 (5.0, 27.0) 10.5 (5.8, 17.3) 14.0 (5.0, 28.0) 0.233

Sclerostin (pmol/L) 23.9 (18.0, 30.9) 20.6 (16.7, 34.2) 24.0 (18.1, 30.6) 0.716

Newborn

APGAR 5 min 8 (8, 10) 9 (8, 10) 9 (9, 10) 0.042

APGAR 10 min 9 (8, 10) 10 (9, 10) 10 (9, 10) 0.016

Birthweight (g) 3330 (2960, 3675) 3360 (2807, 3647) 3328 (2965, 3680) 0.727

Gestational age (week) 39 (38, 40) 38 (37, 39) 39 (38, 40) <0.0001

Umbilical cord Ph 7.28 (7.23, 7.32) 7.27 (7.23, 7.34) 7.28 (7.22, 7.32) 0.61

25OHD (nmol/L) 15.0 (8.0, 24.0) 23.0 (16.0, 45.0) 15.0 (8.0, 24.5) 0.095

Sclerostin (pmol/L) 44.9 (36.5, 56.3) 42.1 (29.6, 51.0) 45.3 (37.3, 57.4) 0.069

Note: Descriptive statistics for continuous parameters are shown as medians (interquartile ranges), and categorical data are shown as numbers (%).

Statistical differences between groups were analysed as appropriate by Mann‐Whitney U, or Chi‐square test. Gestational age refers to the week of

gestation at the time of birth.

Abbreviations: BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure.
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4 | DISCUSSION

The current study showed that the prevalence of gestational diabetes

in a European birth cohort is associated with FGF23 independent of

confounding factors such as age, BMI, ethnic background, history of

diabetes in the family, smoking during pregnancy, and recurrent

pregnancy loss. However, this independence was only seen when

using an ELISA for FGF23, which measures the intact FGF23 mole-

cule. Using an ELISA recognising intact and degraded fragments of

FGF23 did not show this relationship. Furthermore, concentrations

of both iFGF23 and cFGF23 in cord blood were not significantly

different between the GDM and non‐GDM groups.

Prior evidence indicates that FGF‐23 is not only involved in the

bone and mineral disorders but also acts as a “hormone‐like” factor in
the metabolism of glucose and lipids, including insulin resistance,

visceral adiposity, and dyslipidemia.5,29,30 FGF‐23 is elevated in pa-

tients with type 2 diabetes, especially those with impaired renal

function compared to those without diabetes.14,31 However, the as-

sociation between FGF23 and glucose metabolism in pregnant

women is still less reported. So far, there are only three small studies

(n < 100) investigating the potential association between FGF23 and

GDM.32–34 The results were conflicting most like due to the small

sample size of these studies making change findings possible. More-

over, there are currently two types of assays for the determination of

FGF23 concentrations in human. Intact FGF23 (iFGF23) assay binds

two epitopes flanking the proteolytic cleavage site that lays between

amino acids 179 and 180, and thus presumably detects only biolog-

ically active, full‐length FGF23 (~32 kDa),35 whereas the C‐terminal
FGF23 (cFGF23) assay binds to epitopes within the C‐terminal re-
gion of the FGF23 protein and therefore measures both degraded

and non‐degraded FGF23 fragments (~14 kDa).36 There is evidence

from head‐to‐head comparisons of both ELISA types in clinical

studies that clinical associations may depend on the ELISA type

used.25 In above three studies, they did not compare intact FGF23

with C‐terminal FGF23, nor analysed both maternal and cord‐blood
levels of FGF23. Only one study corrected their analysis for a

limited number of confounding factors34 (Supporting Information S1:

Table S4). In the present study, we used both types of FGF23 ELISA

assay, and further considered co‐founding factors that might be

associated with GDM, that is, age, BMI, ethnic background, diabetes

in the family, smoking during pregnancy, recurrent pregnancy loss,

and gestational age in regression analysis, which makes our findings

more convincing. Therefore, for the first time, we found that

maternal (but not foetal) intact FGF23 (but not cFGF23) is associated

with GDM. This difference in measurements might have two conse-

quences. First, the amount of intact FGF23 is diluted using cFGF23

ELISAs, which might increase the non‐specific background noise of

the signal in any clinical study. Second, and probably more impor-

tantly, FGF23 fragments might be bioactive by blocking the FGF23

receptors, thus competing with the intact FGF23 molecule for re-

ceptor binding.37

The study population in our study was created randomly by

selecting 826 mother/child pairs from the Berlin Birth Cohort.

Random selection of the subset was necessary due to budget re-

strictions. The prevalence of GDM in the subset was 7.7%. Mothers

with GDM were older than those without GDM, had a more frequent

history of miscarriage, and delivered earlier. Hence, although GDM

mothers delivered earlier, birthweight was slightly numerically higher

(Table 1). These are typical characteristics of a central European birth

cohort38–40; thus, our cohort is representative of a European birth

cohort.

A correlation between iFGF23 serum levels and body composi-

tion, blood pressure, selected glucose parameters, and insulin and fat

metabolism has been studied in a group of 68 non‐insulin‐resistant,
nondiabetic adolescents with mild obesity.6 In this study, authors

found negative correlations between circulating iFGF23, fasting in-

sulin level, and HOMA‐IR (r = −0.3 and r = −0.29, respectively;
p < 0.05 for both).6 Consistent with these findings, we published in

201816 a clear negative correlation of plasma insulin with FGF23 in

a group of healthy (in particular nondiabetic) pregnant women

F I GUR E 1 Plots of serum iFGF‐23 and cFGF‐23 concentrations
in mothers with and without GDM (gestational diabetes mellitus).
All plots display median with interquartile range. Median serum
iFGF‐23 was significantly higher in mothers with GDM (19.73

[13.09, 29.26] versus 13.23 [7.19, 22.22] pg/mL, p < 0.001).
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TAB L E 2 Parameters according to quintiles of maternal iFGF‐23 concentration.

iFGF‐23 ≤ 6.07

(pg/mL)

6.07 < iFGF‐23
≤ 11.12 (pg/mL)

11.12 < iFGF‐23
≤ 16.72 (pg/mL)

16.72 < iFGF‐23
≤ 24.72 (pg/mL)

iFGF‐23 > 24.72

(pg/mL) p value

GDM

Yes 5 5 9 15 19 0.003

No 147 140 136 132 125

% within quintile 3.3% 3.6% 6.2% 10.2% 13.2%

Ethnic background

Caucasian 139 126 127 126 125 0.996

Asian 6 10 9 8 8

Unclear 6 3 8 10 46

African 1 1 1 3 7

Smoking during pregnancy

Yes 26 17 17 21 21 0.881

No 126 123 128 126 123

% within quintile 16.9% 12.2% 11.7% 14.3% 14.6%

Hypertension during pregnancy

Yes 10 6 12 10 21 0.019

No 142 133 133 137 123

% within quintile 6.6% 4.3% 8.3% 6.8% 14.6%

History of miscarriage

Yes 10 16 21 23 23 0.078

No 142 124 124 124 121

% within quintile 6.6% 11.4% 14.5% 15.6% 16.0%

Age (years) 28 (25, 32) 30 (25, 34) 31 (27, 36) 32 (27, 36) 31 (26, 35) <0.0001

BMI (kg/m2) 25.6 (22.2, 28.7) 23.4 (20.7, 27.2) 21.5 (19.8, 24.7) 22.0 (20.1, 24.1) 22.2 (20.3, 24.8) <0.0001

1st trimester body weight (kg) 63.9 (57.1, 71.2) 64.9 (59.3, 71.0) 64.0 (57.5, 72.0) 64.0 (57.3, 70.0) 65.0 (58.0, 73.5) 0.637

2nd trimester body weight (kg) 66.7 (60.0, 75.2) 68.0 (61.0, 76.0) 65.3 (60.0, 73.7) 67.7 (60.4, 74.7) 69.1 (63.0, 78.8) 0.132

3rd trimester body weight (kg) 74.3 (65.6, 84.4) 76.0 (68.3, 84.3) 73.8 (66.1, 83.0) 75.0 (67.6, 81.6) 76.7 (70.1, 87.1) 0.064

1st trimester SBP (mmHg) 112 (105, 120) 115 (105, 120) 115 (106, 120) 113 (103, 120) 114 (105, 125) 0.597

2nd trimester SBP (mmHg) 115 (107, 121) 115 (106, 124) 113 (105, 120) 112 (106, 120) 115 (107, 123) 0.542

3rd trimester SBP (mmHg) 115 (108, 122) 114 (109, 123) 114 (108, 120) 115 (108, 121) 115 (108, 122) 0.954

Last measured SBP (mmHg) 125 (120, 137) 125 (120, 134) 130 (120, 140) 130 (120, 139) 130 (120, 140) 0.125

1st trimester DBP (mmHg) 70 (60, 75) 68 (60, 73) 70 (60, 80) 70 (60, 73) 70 (61, 78) 0.465

2nd trimester DBP (mmHg) 68 (61, 73) 68 (63, 74) 68 (62, 73) 67 (63, 73) 69 (63, 75) 0.657

3rd trimester DBP (mmHg) 70 (64, 76) 70 (65, 76) 69 (64, 75) 70 (65, 75) 71 (65, 74) 0.910

Last measured DBP (mmHg) 70 (65, 80) 70 (65, 80) 70 (60, 80) 73 (64, 80) 70 (64, 80) 0.495

Maternal 25OHD (nmol/L) 11 (5, 26) 15 (4, 21) 12 (4.0, 28) 15.0 (6.0, 35.0) 14.0 (6.0, 26.3) 0.559

Maternal sclerostin (pmol/L) 19.5 (17.2, 25.5) 23.8 (17.0, 29.7) 25.8 (19.7, 33.3) 25.6 (18.4, 34.4) 22.7 (17.5, 30.9) 0.716

Maternal cFGF‐23 (pmol/L) 0.42 (0.13, 1.19) 1.01 (0.32, 2.20) 1.33 (0.69, 2.39) 1.70 (1.01, 3.36) 1.76 (1.03, 3.12) <0.0001

Note: Descriptive statistics for continuous parameters are shown as medians (interquartile ranges), and categorical data are shown as numbers (%).

Comparisons between groups were assessed by the Kruskal‐Wallis test.

Abbreviations: BMI, body mass index; DBP, diastolic blood pressure; SBP, systolic blood pressure.
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without manifest IR or hyperinsulinemia. In vitro and in vivo mouse

data in this study supported the suppressive effect of insulin on

FGF23.16

Due to unknown reasons, in patients with diabetes, the opposite

observations have been reported, that is, a positive correlation be-

tween insulin resistance (HOMA‐IR) and FGF23 and higher FGF23

serum concentrations in patients with diabetes as compared to

nondiabetic controls.5–15 These studies are in line with a recent study

in humans where insulin was infused. The authors investigated serum

FGF23 during a euglycemic‐hyperinsulinemic clamp in both lean and

glucose‐tolerant obese healthy individuals and patients with type 2

diabetes. They did not find any differences in baseline levels of serum

FGF23, but after the clamp, there was a significant increase in serum

FGF23 in the diabetic patients only.41

Why findings in young healthy subjects6,16 are different from

those with diabetes type or GDM as seen in the present study with

regard to FGF23 response to insulin remains unknown. It was sug-

gested that confounding factors such as inflammation or impaired

kidney function (factors that stimulate FGF23) are often seen in

TAB L E 3 Correlation analysis between maternal iFGF‐23
concentrations with clinical parameters.

Characteristics Spearman's rho p value

Age (years) 0.155 <0.0001

BMI begin pregnancy (kg/m2) −0.207 <0.0001

Ethnic background −0.013 0.729

1st trimester body weight (kg) 0.03 0.464

2nd trimester body weight (kg) 0.080 0.036

3rd trimester body weight (kg) 0.069 0.07

GDM (yes/no) 0.146 <0.0001

Smoking during pregnancy (yes/no) 0.014 0.729

Hypertension during pregnancy (yes/no) 0.112 0.003

1st trimester SBP (mmHg) 0.033 0.429

2nd trimester SBP (mmHg) 0.025 0.511

3rd trimester SBP (mmHg) 0.008 0.831

Last measured SBP (mmHg) 0.037 0.381

1st trimester DBP (mmHg) 0.015 0.723

2nd trimester DBP (mmHg) −0.005 0.89

3rd trimester DBP (mmHg) −0.006 0.881

Last measured DBP (mmHg) 0.101 0.016

History of miscarriage (yes/no) 0.091 0.016

Maternal 25OHD (nmol/L) 0.047 0.350

Maternal sclerostin (pmol/L) 0.106 0.064

Maternal cFGF‐23 (pmol/L) 0.350 <0.0001

Abbreviations: BMI, body mass index; DBP, diastolic blood pressure;

GDM, gestational diabetes mellitus; SBP, systolic blood pressure.

TAB L E 4 Binary logistic regression analysis models for
gestational diabetes.

OR β S.E. Wald p value

Model 1

(Constant) 0.001 −7.227 1.349 28.707 <0.0001

Age (years) 1.109 0.103 0.027 15.055 0.0001

BMI (kg/m2) 1.079 0.076 0.024 10.431 0.001

Ethnic background

(unclear)

Ref. Ref. Ref. 4.062 0.255

Ethnic background

(Caucasian)

0.414 −0.882 0.811 1.181 0.277

Ethnic background

(African)

1.584 0.460 1.136 0.164 0.686

Ethnic background

(Asian)

0.714 −0.337 1.005 0.112 0.738

Maternal iFGF‐23 (pg/

mL)

1.015 0.015 0.006 7.090 0.008

Model 2

(Constant) 0.001 −6.584 1.414 21.667 <0.0001

Age (years) 1.102 0.097 0.028 12.149 0.0005

BMI (kg/m2) 1.101 0.096 0.024 15.609 <0.0001

Ethnic background

(unclear)

Ref. Ref. Ref. 3.040 0.386

Ethnic background

(Caucasian)

0.551 −0.597 0.858 0.484 0.486

Ethnic background

(African)

1.926 0.656 1.173 0.312 0.576

Ethnic background

(Asian)

0.920 −0.083 1.047 0.006 0.937

Diabetes in family (no) 0.932 −0.070 0.327 0.046 0.831

Smoking during

pregnancy (no)

0.388 −0.948 0.425 4.968 0.026

Maternal iFGF‐23 (pg/

mL)

1.011 0.011 0.005 5.148 0.023

Model 3

(Constant) 0.557 −0.585 2.494 0.055 0.814

Age (years) 1.089 0.085 0.029 8.422 0.004

BMI (kg/m2) 1.094 0.090 0.025 13.261 0.003

Ethnic background

(unclear)

Ref. Ref. Ref. 4.009 0.260

Ethnic background

(Caucasian)

0.546 −0.605 0.913 0.439 0.508

Ethnic background

(African)

2.642 0.972 1.226 0.628 0.428

Ethnic background

(Asian)

0.896 −0.110 1.100 0.010 0.920

Diabetes in family (no) 0.945 −0.057 0.336 0.028 0.866

(Continues)
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patients with diabetes and may account for these differences. How-

ever, our data do not favour this hypothesis since these confounding

factors that are known to stimulate FGF23 do not play a key role in a

general birth cohort.

One small study conducted in patients from Malaysia with GDM

showed contrary results to the current study: lower FGF23 con-

centrations. Three factors might explain this discrepancy: the sample

size was several times smaller, multivariable analyses were not per-

formed, and the ethnic background of the study population was

different, with genetic and dietary implications for FGF23 homoeo-

stasis.34 Further research has to be done to understand why the

relationship of insulin to FGF23 changes substantially when an in-

dividual gets diabetes using a well‐designed basic science study.

TAB L E 5 Subgroup binary logistic regression analysis models for gestational diabetes.

OR β S.E. Wald p value

A. Women with BMI below 18.5 kg/m2

Model 1

(Constant) <0.0001 −49.509 40,192.968 <0.0001 0.999

Age (years) 1.091 0.087 0.120 0.525 0.469

BMI (kg/m2) 39.857 3.685 2.643 1.944 0.163

Ethnic background (unclear) Ref. Ref. Ref. 0.040 0.980

Ethnic background (Caucasian) <0.0001 −23.213 40,192.938 <0.0001 >0.999

Ethnic background (Asian) <0.0001 −22.873 40,192.938 <0.0001 >0.999

Maternal iFGF‐23 (pg/mL) 1.044 0.043 0.031 1.903 0.168

Model 2

(Constant) <0.0001 −61.478 40,192.995 <0.0001 0.999

Age (years) 1.318 0.276 0.275 1.010 0.315

BMI (kg/m2) 63.257 4.147 3.398 1.490 0.222

Ethnic background (unclear) Ref. Ref. Ref. 0.703 0.704

Ethnic background (Caucasian) <0.0001 −23.376 40,192.943 <0.0001 >0.999

Ethnic background (Asian) <0.0001 −21.410 40,192.943 <0.0001 >0.999

Diabetes in family (no) 0.028 −3.574 3.775 0.896 0.344

Smoking during pregnancy (no) 0.056 −2.888 3.125 0.854 0.355

Maternal iFGF‐23 (pg/mL) 1.085 0.082 0.067 1.507 0.220

Model 3

(Constant) <0.0001 −75.086 48,090.451 <0.0001 0.999

Age (years) 1.311 0.271 0.275 0.972 0.324

BMI (kg/m2) 41.590 3.728 3.365 1.227 0.268

Ethnic background (unclear) Ref. Ref. Ref. 0.538 0.764

Ethnic background (Caucasian) <0.0001 −23.734 40,192.962 <0.0001 >0.999

Ethnic background (Asian) <0.0001 −21.941 40,192.962 <0.0001 >0.999

Diabetes in family (no) 0.038 −3.271 3.725 0.771 0.380

T A B L E 4 (Continued)

OR β S.E. Wald p value

Smoking during

pregnancy (no)

0.425 −0.855 0.453 3.558 0.059

Recurrent pregnancy loss

(no)

0.666 −0.407 0.409 0.988 0.320

Gestational age (weeks) 0.872 −0.137 0.052 7.011 0.008

Maternal iFGF‐23 (pg/

mL)

1.011 0.011 0.005 4.345 0.037

Note: BMI, body mass index, was calculated at the beginning of the

pregnancy. Recurrent pregnancy loss: two or more miscarriages.

Gestational age refers to the week of gestation at the time of birth.
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T A B L E 5 (Continued)

OR β S.E. Wald p value

Smoking during pregnancy (no) 0.049 −3.023 3.190 0.898 0.343

Recurrent pregnancy loss (no) 38,522,939.235 17.467 26,404.796 <0.0001 0.999

Gestational age (weeks) 1.117 0.111 0.337 0.108 0.743

Maternal iFGF‐23 (pg/mL) 1.095 0.090 0.075 1.453 0.228

B. Women with BMI equal or above 18.5 kg/m2

Model 1

(Constant) 0.0002 −8.486 1.610 27.779 <0.0001

Age (years) 1.119 0.113 0.028 15.822 <0.0001

BMI (kg/m2) 1.087 0.083 0.024 11.691 0.001

Ethnic background (unclear) Ref. Ref. Ref. 2.913 0.405

Ethnic background (Caucasian) 0.884 −0.123 1.084 0.013 0.909

Ethnic background (African) 3.547 1.266 1.347 0.883 0.347

Ethnic background (Asian) 1.318 0.276 1.308 0.045 0.833

Maternal iFGF‐23 (pg/mL) 1.015 0.015 0.006 6.649 0.010

Model 2

(Constant) 0.0003 −8.043 1.715 21.994 <0.0001

Age (years) 1.109 0.103 0.029 12.229 0.0005

BMI (kg/m2) 1.111 0.105 0.026 16.941 <0.0001

Ethnic background (unclear) Ref. Ref. Ref. 2.506 0.474

Ethnic background (Caucasian) 1.320 0.278 1.139 0.059 0.807

Ethnic background (African) 4.785 1.565 1.397 1.255 0.263

Ethnic background (Asian) 1.749 0.559 1.362 0.169 0.681

Diabetes in family (no) 1.129 0.122 0.348 0.123 0.726

Smoking during pregnancy (no) 0.397 −0.925 0.445 4.322 0.038

Maternal iFGF‐23 (pg/mL) 1.011 0.011 0.005 5.169 0.023

Model 3

(Constant) 0.134 −2.007 2.789 0.518 0.472

Age (years) 1.091 0.087 0.031 8.051 0.005

BMI (kg/m2) 1.104 0.099 0.026 14.594 0.0001

Ethnic background (unclear) Ref. Ref. Ref. 3.613 0.306

Ethnic background (Caucasian) 1.518 0.417 1.239 0.113 0.736

Ethnic background (African) 7.504 2.015 1.497 1.812 0.178

Ethnic background (Asian) 1.862 0.622 1.460 0.181 0.670

Diabetes in family (no) 1.170 0.157 0.357 0.194 0.659

Smoking during pregnancy (no) 0.439 −0.824 0.475 3.005 0.083

Recurrent pregnancy loss (no) 0.604 −0.504 0.416 1.465 0.226

Gestational age (weeks) 0.872 −0.137 0.055 6.082 0.014

Maternal iFGF‐23 (pg/mL) 1.011 0.011 0.005 4.448 0.035

Note: BMI, body mass index, was calculated at the beginning of the pregnancy. Recurrent pregnancy loss: two or more miscarriages. Gestational age

refers to the week of gestation at the time of birth.
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Foetal or blastocyst‐related factors might contribute to the

development of GDM in mothers.42–44 However, this was not the

case in our study regarding foetal FGF23 (Supporting Information S1:

Figure S1).

This study has several strengths and limitations. A study strength

is that we analysed iFGF23 and cFGF23 in mothers and their new-

borns. However, this cross‐section analysis cannot further draw

conclusion on causality; serial measurements of these parameters in

the mothers would have also been of interest. Furthermore, since the

prevalence of GDM depends significantly on the ethnic background, it

is a limitation that we mainly analysed European women.

5 | CONCLUSION

In conclusion, our study in a representative European birth cohort

provides robust evidence indicating that maternal (not foetal) intact

FGF23 (not cFGF23) is associated with GDM.
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